We investigate the sensitivity of the thermohaline circulation (THC) with respect to a subpolar salinity perturbation. Such perturbation simulates a fresh water release caused by retreating glaciers or anomalous sea ice. The feedback mechanisms amplifying or damping the initial anomaly are analyzed in the coupled ocean-atmospheresea ice model. Their understanding is essential for modelling climate variability on decadal and longer time scales.
Introduction
Today's thermohaline circulation (THC) is characterized by strong poleward heat and salt transports in the North Atlantic. Poleward heat transport in the North Atlantic limits, on annual average, the ice margin to about 70 N. The high latitude Atlantic releases a large amount of heat to the atmosphere as the surface water cools. In contrast to the Atlantic, the circulation in the North Paci c is characterized by wind driven currents combined with intermediate water formation (Warren, 1983) . These di erent parts of today's large scale circulation strongly a ect climatic conditions, e.g. the relative mild climate in northern Europe compared to corresponding parts in North America. A changed oceanic circulation would therefore in uence the regional climatic conditions and would probably lead to a global climate shift.
Deep water formation in the northern North Atlantic is perhaps the most sensitive part of the large-scale thermohaline driven circulation. In the regions of deep water formation in the North Atlantic relatively small amounts of fresh water added to the surface can stabilize the water column to the extent that convection is prevented (Aargaard and Carmack, 1988) . Such interruption is likely to decrease the poleward heat transport. It has been also proposed that interdecadal climate variability can be caused by freshenings in the northern North Atlantic (Dickson et al., 1988; Mysak et al., 1990) .
Large amounts of melt water that entered the northern North Atlantic during the last deglaciation (Lehmann and Keigwin, 1992; Bond, 1995) did cause a shallower THC cell in the northern North Atlantic, and the sites of deep water formation and the sea ice edge were shifted southward compared to today. The sea ice cover over the North Atlantic changed along with di erent climatic conditions during the last 20000 years with important climatic impact (Kutzbach and Wright, 1985) . The oceanic polar front in the North Atlantic migrated southward during the Younger Dryas cooling (Ruddimann and McIntrye, 1981) paralleled by a large shift in the sea ice margin.
Here, we want to focus on the large-scale feedback a ecting the THC due to sea ice e ects in the coupled atmosphere-ocean-ice system. We shall see that a changed oceanic circulation a ects the sea ice cover, feeding back to the ocean's high latitude vertical mixing. There are some studies (Moritz, 1979; Yang and Neelin, 1993; Zhang et al., 1995; Lenderink and Haarsma, 1996) that include sea ice e ects. However, a xed atmosphere is employed which may restrict the validity of these studies for the coupled atmosphere-ocean-sea ice system. Experiments with heat ux parameterizations which allow additional feedbacks (e.g. Stocker et al., 1992; Rahmstorf and Willebrand, 1995; neglect sea ice e ects because of their model geometry or the heat ux parameterization used. Fully coupled GCMs, which represent the most realistic atmospheric feedback, show that the oceanic poleward heat transport is very sensitive to a global cooling owing to the in uence of sea ice upon the THC (Manabe and Bryan, 1985) . Experiments with coupled GCMs (Manabe and Stou er, 1995; Schiller et al., 1997) reveal that high latitude freshening strongly a ects the mid-latitude temperature and sea ice extent. However, fully coupled atmosphere-ocean-ice models are still extremely costly on today's computers when several runs with hundreds of years time of integration are to be performed to extract the involved mechanisms. It is therefore useful to understand the feedback mechanisms with simpli ed parts (e.g. the atmosphere and sea ice) in a coupled model. This is the method that we employ in this paper.
An atmospheric energy balance model (EBM) is coupled to an ocean circulation model which includes a thermodynamic sea ice component. The EBM provides a thermal and haline boundary condition allowing for changes in temperature, sea ice extent, and fresh water ux. The EBM is a computer inexpensive model and its e ects on the coupled system can be easily understood. The moist EBM, used here for most experiments as an upper ocean boundary condition, will be presented in section 2. Due to the lack of any explicit dynamics in the EBM, the interactions with only the thermodynamic properties of sea ice are investigated. The thermodynamic sea ice model is described in section 3.
The ocean circulation primitive equation model and the initial state for subsequent experiments are shortly described in section 4. The system is perturbed in sea surface salinity at high latitudes. In the coupled experiment, anomalous heat and fresh water uxes are analyzed in the coupled atmosphere-ocean-sea ice system (section 5). As in ) the e ects determining the stability of the THC are isolated by use of di erent boundary conditions. The models using other types of boundary conditions will be shortly described (section 6). It is shown that the response of the system is strongly a ected by the atmospheric model. The feedback mechanisms shall be discussed in section 7. Conclusions are given in section 8.
Energy Balance Model
The model is based on the work of Chen et al. (1995) . Here, we give a more general and physical formulation of the model.
Energy Balance
The energy balance will be used to derive equations for the atmospheric temperature and fresh water ux. The thermodynamic equation (internal plus potential energy) in the atmosphere reads
where v is the horizontal wind vector, r the gradient operator, T a atmospheric temperature, t time, p pressure, ! = d dt p vertical wind, and C p the speci c heat at constant pressure (1004 J kg ?1 K ?1 ). Q R and Q S are the radiative and sensible heat uxes, respectively. Q L denotes the latent heat release due to phase transitions in the air. This term includes condensation of water vapour (c > 0), evaporation of cloud water (c < 0) and evaporation in unsaturated air (e > 0):
where L v = 2:5 10 6 J kg ?1 is the latent heat of condensation.
In addition to (1), budget equations for the mass mixing ratio of water vapour q v and cloud water q w are used:
where } denotes precipitation and E the evaporation from the ground (ocean and land).
The budget equations (1, 2) and (3) are vertically integrated. The contribution from the work of buoyancy forces (the last term on the right hand side of (1)) is neglected. Small storage and horizontal transport of cloud water allows to neglect the vertical integral of the rst two terms in (3). With the boundary condition ! = 0 at the top and bottom, the cloud water balance (3) reduces to Z dp g c = Z dp g } ; where g is the gravitational acceleration (9:81 m s ?2 ). The net precipitation P on the ground ( at p = p 0 = 10 5 Nm ?2 ) is de ned by P = Z dp g (} ? e) :
This yields the vertically integrated balances for the mixing ratio of water vapour and the atmospheric temperature Z dp g @ t (C p T a ) + Z dp g r (C p 
To evaluate the e ective change of the vertically integrated humidity and temperature in (4, 5), the height distribution of humidity and temperature must be taken into account. Chen et al. (1995) and Lohmann (1995) found that the change of vertically averaged temperature and humidity can be expressed in terms of the change of surface air temperature @ t T A on the ground at p 0 : Z dp g @ t (C p T a ) = C p 1 @ t T A ; Z dp g @ t (L v q v ) = L v 2 @ t T A Combining (4) and (5) yields one vertically integrated energy equation:
(C p 1 + L v 2 ) @ t T A + Z dp g r (C p vT a ) + Z dp g r (L v vq) = Q top R ? F s ; (6) where F s represents the surface heat ux. For the ocean-atmosphere heat ux
we use bulk formulas. The surface heat ux over sea ice will be explained in section 3. The term (C p 1 +L v 2 ) in (6) and the strength of atmospheric transports determine the adjustment time scale of the EBM. The net radiation on top of the atmosphere Q top R is the di erence between net solar radiation Q top SW , reduced by the planetary albedo, and net outgoing longwave radiation Q top LW . Similar to Haney (1971) , the radiation at the atmosphere-ocean interface Q bottom R is calculated in terms of solar radiation and the surface quantities of the EBM. The planetary albedo is parameterized in terms of the surface air temperature (Sellers, 1969) and the longwave radiation Q top LW is approximated by a linear law (Budyko, 1969) . This part of the model is identical to Chen et al. (1995) .
Transport parameterization
The poleward transport of heat at low latitudes is primarily through the Hadley circulation whereas the meridional transport poleward of 30 latitude is dominated by transient eddies (Oort and Peixoto, 1983) . Here, the large scale transport due to transient eddies in the troposphere is parameterized based on the theory of baroclinic instability (Green, 1970; Stone, 1972) whereas the the mean circulation is held xed.
The vertical structure of the transient eddy heat transport is neglected by assuming a constant lapse rate and xed vertical stability. The sensible eddy heat transport is calculated in terms of the surface temperature T A and is tuned to reproduce the current climate (Oort, 1983; Oort and Peixoto, 1983) . Z dp g v 0 T 0 a = ? K s r T A ; (8) where primes denote deviations from averages over a length scale of synoptic scale disturbances of o(1000) km and a time scale longer than such disturbances (e.g. two weeks).
There are two di erent approaches in the literature to deal with the latent eddy heat transport although in practice they are very similar. The rst approach treats water vapour as an advected quantity which gives reasonably realistic eddy uxes of water vapour (e.g. Vallis, 1982) . The other approach assumes that eddy uctuations in relative humidity are small compared to uctuations in speci c humidity. For the EBM, this parameterization (as in Stone and Yao, 1990 ) is adopted. The relative humidity rh and @ q s =@T a strongly decrease with height. Therefore, the surface values for the latent heat transport are a good choice in the vertically integrated model. As for the sensible heat transport, the coe cient K l is tuned to reproduce observed eddy latent heat transports of the current climate. Both coe cients, K s and K l ; depend linearly on the temperature gradient as suggested by baroclinic instability theory (Green, 1970; Stone, 1972) .
In the following we will use the model in a zonally integrated version without a seasonal cycle. The di usion coe cients in (8, 9) are the same as in Lohmann et al.
(1996 a); they depend on latitude and are on the order of 10 6 m 2 s ?1 : The catchment area for river runo is assumed to be twice as large as the oceanic area, that is, the ocean sees the freshwater ux divergence over an area twice as wide as the ocean basin.
3 Thermodynamic sea ice model
The thermodynamic sea ice model is based on the zero-layer ice model described by Semtner (1976) . It regulates surface heat and salt uxes for the ocean when the energy balance at the atmosphere-ocean interface produces sea surface temperatures at the freezing point 271:3 K. The temperature pro le in the sea ice is assumed to be linear, so that the conductive heat ux F c through the sea ice is
where D = 2:16 W mK is the conductive heat coe cient for sea ice. T f ; T ice and H ice denote the temperature at the freezing point, the ice surface temperature and ice thickness, respectively. The ice surface temperature is determined such that the conductive heat ux and the heat ux at the atmosphere-ice surface F ai balance each other:
The heat ux at the atmosphere-ice surface F ai is analogous to (7) the sum of various thermodynamic processes at the atmosphere-ice interface. We approximate this heat ux by a Newtonian law
Similar linear parameterizations have been used in previous studies (Welander, 1977; Zhang et al., 1995; Lenderink and Haarsma, 1996) . For high latitudes and with an albedo of sea ice of 0:65, the nonlinear bulk formula (7) is well approximated by (12) when 1 = 0 W m ?2 and 2 = 23 W m ?2 K ?1 : The value of 2 is smaller than e ective heat ux rates estimated at the atmosphere-ocean interface (Haney, 1971 The advantage of (12) is that T ice can be calculated analytically from (10, 11) and the formulas remain valid for small ice thickness:
If T ice exceeds the melting point of ice (O C), the surface ice temperature is set to the melting temperature and the imbalance is used to melt ice. The change of sea ice thickness at the bottom of the ice follows from the energy balance:
where ice is the density of sea ice, L f is the latent heat of freezing and Q ocean is the oceanic heat ux. The oceanic heat ux is computed as Q ocean = 3 (T f ? SST) (15) with a constant rate of 3 = 200 Wm ?2 K ?1 : The value of 3 is of minor importance since the product in (15) remains relatively unchanged when varying 3 in the model. Using (10, 11) and (12), the sea ice thickness in equilibrium results:
: (16) The atmospheric fresh water ux directly enters the oceanic mixed layer. This approximation has also been used in previous studies (e.g. H akkinen and Mellor, 1988; Zhang et al., 1995; Yang and Neelin, 1993) .The sea ice model predicts an additional fresh water ux due to melting and freezing. It is transformed into an equivalent salinity ux
where S ocean and S ice are reference salinities in the ocean and sea ice, respectively. In order to conserve total salt amount in the ocean model, it is necessary to use xed reference salinities S ocean ; S ice instead of in situ salinities. In our model, we have chosen a typical value for S ocean ? S ice ] = 30 psu :
4 Ocean model and experimental setup
The ocean model is based on the Modular Ocean Model (MOM; Pacanowski et al., 1991) . The domain is a 70 wide sector from 66 S to 80 N including an idealized Greenland-Scotland ridge centered at 66 N (compare Fig. 1 ). The horizontal resolution is 2 and the model has 15 unevenly spaced levels in the vertical (grid sizes increasing from 30 m near the surface to a maximum of 836 m at depth). Subgrid scale processes are parameterized as di usive mixing in the coordinate directions (see table 1 ). Convection is parameterized as enhanced vertical di usion whenever a water column becomes gravitationally unstable. The model was rst integrated into a steady state under restoring boundary conditions for surface salinity with damping time scale 30 days. The climatological values are zonal averages for the Atlantic computed from the Levitus (1982) climatology. The model was driven by a wind stress derived from the Hellerman and Rosenstein (1983) climatology by averaging over the Atlantic ocean. A steady state of the ocean model was reached after 4000 years of integration. An equivalent fresh water ux (P ? E) diag was then diagnosed. We subtract from the diagnosed (P ? E) diag the fresh water ux contribution by transient eddies for the present climate (Oort and Peixoto, 1983) . The resulting surface fresh water ux is mainly due to the mean atmospheric circulation which is not explicitely modelled in our atmospheric model, and is therefore xed in subsequent experiments. Except for this ux and the prescribed wind stress, the solar radiation is the only external forcing in the coupled model. All other heat and fresh water uxes are computed internally.
The coupled model was integrated for an additional period of 2500 years. The model remains in a steady state. We refer to this integration as the control run. At the end of the integration deep water formation takes place north of 50 N and the maximum overturning rate is 24 Sv (Fig. 1 ). Mass exchange with the idealized Nordic Seas north of the ridge at 66 N is only 1 Sv. Antarctic Bottom Water is not reproduced in the model because of the model geometry and the low salinities at the southern margin that are used as boundary conditions for the spin up. Here, we want to concentrate on the northern source of the THC and exclude any southern hemisphere forcing.
The surface heat ux (Fig. 2) is characterized by strong oceanic heat loss in the poleward western boundary currents, especially in the northern hemisphere, moderate heat gain in the center of the subtropical gyres, and maximum heat uptake in the eastern equatorial region. Where sea ice is present, the heat loss of the ocean is strongly reduced (north of 68 N and south of 62 S). In the coupled experiments, to be discussed in the next section, a negative salinity anomaly is added to the surface a ecting heat and fresh water ux and thus the THC.
5 Perturbation experiments with the coupled atmosphere-ocean-sea ice model A salinity perturbation of ?0:5 psu is added to the surface level between 50 ? 66 N. The total salt de cit is 12 times larger than that of the Great Salinity Anomaly, observed during the late sixties and seventies in the northern North Atlantic (Dickson et al., 1988) . The time series of the maximum overturning stream function in the northern hemisphere for the control run (dashed line) and the perturbation experiment (solid line) are shown in Fig. 3 . This experiment where the heat and freshwater uxes are interactively coupled is denoted by cHF (see table 2 ). An additional experiment ( 3x ) with the triple perturbation of ?1:5 psu between 50 ? 66 N is shown as the dashed dotted line in this gure and shall be discussed later.
The ?0:5 psu perturbation in sea surface salinity initially weakens the strength of the meridional overturning. A minimum overturning rate is reached 3:5 years after the perturbation (Figs. 3 and 4) after which the meridional mass transport reestablishes. The southward return ow of deep water occurs at one kilometer shallower depth than in the reference run (Fig. 5 ). This feature is consistent with paleoclimatic evidences for decreased deep water and increased intermediate water currents (McCave et al., 1995) during the well documented climate shifts of the Younger Dryas (11000 years B.P) and Older Dryas (19000 years B.P.) and occurs despite the absence of Antarctic Bottom Water in the model. The strength of the overturning completely recovers from the perturbation within a few hundred years (Fig. 6 ). The response of the coupled system to the salinity perturbation contains a combination of di erent mechanisms. An abrupt reduction of the THC to about 60% of its original value is combined with a more equatorward sea ice extent but thinner sea ice at high latitudes (Fig. 7) and with a cooling of high latitude air temperatures in the northern hemisphere (Fig. 8a) . We distinguish between large-scale feedback and local mechanisms a ecting the THC. The local mechanisms that change the sea surface density and the buoyancy ux are:
Fresh water added to the surface stabilizes the water column to the extent that convection is shut o . Such interruption decreases the mixed layer depth and increases the freshening of the surface layer. This mechanism is strong for large residence times in the area of net precipitation. It thus depends on the strength of the overturning motion after the perturbation.
As the sea ice edge expands equatorward, the atmosphere-ocean heat exchange F s is reduced where sea ice is present (Fig. 8b) . During the transition, the northern hemisphere sea ice margin lies 4 ? 6 degrees further south than in the control run (Fig. 7) . The sea ice thickness is smaller than in the reference state (Fig. 7) which is of minor in uence for the reduction of oceanic heat loss. The heat ux is mainly determined by the sea ice extent because even thin ice isolates the ocean from the cold atmosphere.
The drop of high latitude sea surface temperature is stopped at the ocean's freezing point.
The atmospheric temperature T A decreases due to the reduced surface heat ux from the ocean (Fig. 8b) . Lower air temperatures also shift the snow line equatorward and increase the surface albedo. This e ect is included in the atmospheric model as an ice-albedo feedback factor (Chen et al., 1995) .
Brine release due to sea ice formation destabilizes the water column and favors convective events.
Besides the local e ects which trigger changes in the THC, we found a large-scale response of heat transport in the coupled model. With a reduced oceanic northward heat transport (dashed lines in Figs. 9a and b) , the high and middle latitude temperatures decrease. The combination of smaller oceanic heat transport and sea ice formation is important to maintain low air temperatures at high latitudes. With an increased meridional temperature gradient, the northward atmospheric transport of sensible and latent heat is strengthened (solid and dash-dotted lines in Figs. 9a  and b ). Fig. 9b shows that 100 years after the salinity perturbation of -0.5 psu, the enhanced eddy transport of sensible and latent heat in the atmosphere almost compensates for the reduced oceanic heat transport. Our ndings of changed atmospheric eddy heat transport are consistent with the analysis of a coupled GCM study of Schiller et al. (1997) who nd a signi cant increase in eddy transports equatorward of the new ice edge.
Temperature and temperature gradient act di erently on the latent heat transport. Decreasing temperature (Fig. 8a) reduces the saturation mixing ratio whereas the increasing temperature gradient favors baroclinic instability. These e ects partially balance such that the anomalous latent heat transport (dashed dotted lines in Figs. 9a and b) is small compared to the anomalous sensible heat transport (solid lines in Figs. 9a and b) . The change in latent heat transport is related to the P-E change in the atmosphere (Fig. 8c) . The anomalous freshwater ux is increased at mid-latitudes and decreased at high latitudes compared to the control run, but it is quite small in amplitude.
The oceanic circulation is primarily a ected by the surface buoyancy ux BF at high latitudes which is a combination of surface heat ux F s ; atmospheric freshwater ux P ? E and brine release S f ;
where (T; S) and (T; S) are the thermal and haline expansion coe cients of sea water at surface pressure and S 0 is a constant reference salinity (S 0 = 35 psu): The buoyancy ux BF during experiment cHF is shown in Fig. 10 as an average over the area between 60 ? 70 N which is a proper index for the THC's forcing in the model. The perturbation in surface salinity causes a reduction in surface heat ux whereas the atmospheric freshwater forcing remains fairly constant. The additional freshwater ux due to brine release uctuates around a small mean value. The uctuations are due to convective events that cause stochastic sea ice formation and melting at the ice margin. The reduction in surface heat ux is of about 60% of its original value and the net reduction in the high latitude buoyancy ux BF (Fig.   10 ) leads the decrease in the large-scale overturning (Fig. 3) in time. The relative importance of di erent components of the surface buoyancy ux are analyzed further in section 6 where we use di erent types of boundary conditions, thus switching on and o the feedbacks present in the coupled model (cHF).
Here, we nd that the coupled ocean-sea ice-atmosphere system is rather robust and recovers even after a massive salinity perturbation. While the THC recovers from the perturbation, deep water formation in the northern North Atlantic is shallower and the sites of deep water formation have shifted southward (Fig. 5 ). An even larger perturbation in high latitude salinity of ?1:5 psu between 50 and 66 N causes a permanent transition from one climate to another (dashed dotted line in Fig. 6 ). The density of the sinking water is lowered and the depth of convective mixing is strongly reduced. Furthermore, the circulation and the heat transport in ocean and atmosphere change dramatically (Fig. 9c) . After a few decades a southern sinking state evolves (Figs. 6 and 11 ). This experiment (denoted here as \3x") shows the possibility of multiple equilibria in the coupled system.
Other types of boundary conditions
The sensitivity of the circulation to freshening at high latitudes depends on processes of the coupled system including sea ice and atmospheric heat and fresh water transports. Considering the causes of feedback in the atmosphere-ocean-sea ice system, di erent boundary conditions will here be used to investigate stabilizing and destabilizing e ects for the THC. The perturbation experiments are listed in table 2.
To isolate the e ect of the atmospheric heat transport, an experiment with Schopf's (1983) atmospheric model (denoted as SM) as the thermal boundary condition is performed. In this model the total (mean plus eddy) meridional heat transport in the atmosphere is held constant. Therefore, the temperature is determined by the local heat balance in the air column. Furthermore, the atmospheric fresh water ux is xed in this model run. This system is perturbed with a 0:5 psu surface salt de cit between 50 and 66 N as in the previous experiment cHF. Fig. 12 shows the zonally averaged mass transport 100 yrs after the perturbation. The THC is drastically reduced compared to the coupled system cHF (Fig. 5) . A more equatorward sea ice extent (Fig. 13, dashed line) reduces the heat ux out of the ocean. Because changes in atmospheric heat transport are neglected, very unrealistic low air temperatures over the anomalous sea ice result. Both, the insulating e ect of sea ice and the ice-albedo e ect, amplify the formation of sea ice. Because the heat ux to the sea ice base is much slower than heat loss to atmosphere, high latitude deep convection is suppressed (Fig. 12) .
In a further experiment, xed atmospheric temperature and surface fresh water ux are used as the atmospheric model (often called mixed boundary conditions, MBC). The perturbation in high latitude salinity induces a breakdown of the THC using these boundary conditions. Figure 14 shows the meridional overturning after 100 yrs after the initial perturbation of ?0:5 psu. These boundary conditions imply a strong atmospheric heat transport that can maintain the atmospheric temperature. Because atmospheric temperature determines the sea ice extent to a large degree, the sea ice edge remains fairly unchanged (Fig. 13, solid line) compared to SM and cHF. Because of the xed atmospheric temperature, the sensitivity of the THC is not primarily a ected by sea ice e ects. Instead, the circulation is a ected by oceanatmosphere feedbacks (Rahmstorf and Willebrand, 1995; Lohmann et al., 1996 a, b) . This is consistent with the results of Lenderink and Haarsma (1996) who found that their THC under mixed boundary conditions is far more sensitive to perturbations outside the ice covered area than beneath the ice. The main de ciency of the mixed boundary conditions is that the atmospheric temperature is held xed although the heat ux changes largely.
Three additional experiments with the coupled model cHF are performed where e ects of a changed fresh water balance are switched o . In the rst experiment (denoted as cH in table 2), only the heat ux is interactively coupled while P ?E is held constant during the integration. The circulation change over the rst 100 years is nearly the same as in cHF and therefore not shown here. The change in P ? E in the fully coupled model (cHF, Fig. 8c ) due to meridional transport of latent heat is small and has too small structure to substantially a ect the large scale oceanic circulation. A similar result was obtained by and Weber (1997) in models without sea ice e ects.
Melting and freezing of sea ice also a ect the surface fresh water balance. To investigate the e ect of the additional fresh water ux due to freezing and melting, an experiment with the coupled model is integrated where the ux (17) is neglected. In equilibrium, this experiment (no brine release, nBR) is identical to cHF. A salinity perturbation of ?0:5 psu causes a colder climate with a more equatorward sea ice edge. Fig. 15 indicates only small di erences in the meridional overturning compared to experiment cHF. In a further coupled experiment (enhanced brine release, eBR) the salt ux (17) due to brine release has been arti cially enhanced by a factor three. As for nBR, we nd nearly the same response as for cHF. The overall change in sea ice volume (Fig. 7) is probably too small to substantially a ect the net freshwater forcing, although uctuations of the density ux due to brine release are seen in Fig. 10 .
Changes in sea ice directly a ect the THC in two ways. Freezing and the release of salt into the ocean increases the surface density and may strengthen the THC. The other major function of the sea ice is to stop the ocean-atmosphere heat ux and prevent the water temperature to drop below the freezing point. Our experiment nBR can be viewed as a sensitivity experiment where the sea ice component is replaced by a device that keeps the ocean temperature at the freezing point only to retain the insulating e ect of sea ice and to remove the e ect of brine release. Using a thermodynamic sea ice model, we conclude that the ice's role as an insulator is more important than its impact on salinity.
Discussion of feedback mechanisms
As we have examined in the previous section, sea ice and the atmosphere component do a ect the large scale oceanic heat and mass transports. A schematic picture of the feedbacks (Fig. 16) helps to understand sensitivity studies which include sea ice. In the diagram, positive (+) and negative (?) signs of the feedback mechanisms must be multiplied to get the e ective direction of feedback. An e ective positive feedback tends to destabilize the system, a negative feedback tends to to stabilize the system.
On a large scale, the oceanic heat and salt transport a ect sea surface temperature (SST) and salinity (SSS). The meridional overturning depends strongly on the positive loop (SSS, density, vertical mixing, poleward transport of salt) because there is no e ective mechanism for removing sea surface salinity anomalies. In the absence of sea ice, the air temperature at high latitudes is strongly coupled to the SST. This is a stabilizing feedback because a weakened overturning decreases sea surface temperature and increases density at high latitudes (Rahmstorf and Willebrand, 1995; Lohmann et al., 1996 b) . This e ect is weaker for colder climates than for warmer climates due to the nonlinearity in the equation of state (Winton, 1997; Prange et al., 1997) .
However, sea ice e ects complicate the situation. The sea ice distribution is in uenced by the oceanic heat transport: A reduced poleward heat transport brings less warm water to high latitudes which favors formation of sea ice. Sea ice supresses deep convection because the vertical heat ux is reduced (positive feedback). In our experiment cHF, the thermal insulation of ice causes a temporary warming of the subsurface waters. The sea ice thickness is reduced and openings over one grid box occur in a not systematic way. In response to increased sea ice extent, Zhang et al. (1995) observe a strengthened poleward heat transport to the northern boundary of the basin and melting of sea ice. In our model with the topographic barrier, the poleward mass transport cannot in uence the quantities at the northern boundary of the basin as much as in Zhang et al.'s (1995) experiments. Furthermore, the variable atmospheric heat transport in our model distributes temperature anomalies and probably damps Zhang et al.'s (1995) oscillatory e ect.
Sea ice insulates the atmosphere from the warmer ocean and increases the albedo. In a colder atmosphere the albedo also increases due to larger snow covered areas (positive feedback). We nd that one important negative feedback stabilizing the climate system and reducing the cooling e ect is due to large-scale eddy transport in the atmosphere: Increased meridional temperature gradients in the atmosphere lead to enhanced eddy activity which together with convective events in the ocean shifts the ice edge poleward. Without changes in atmospheric heat transport, as in Schopf's model as a thermal boundary condition, the overall cooling is too strong and sea ice provides a strong destabilizing e ect for the THC. In situations where sea ice remains remote from the convection sites as in the experiments of Zhang et al. (1993) and the THC is insensitive to salinity perturbations under Schopf's model atmosphere. The surface heat ux F oa in (7) is nearly una ected (Lohmann et al. 1996 b) and deep convection can continue.
A further atmospheric feedback is through the fresh water ux (SSS, density, vertical mixing, poleward transport of moisture). A decrease in oceanic meridional heat transport due to high latitude freshening and weakened THC a ects the water vapor divergence, i.e. precipitation minus evaporation. In our model the combined e ect of increased meridional temperature gradient and decreased high latitude temperature leads to a smaller increase in mid-latitude meridional eddy transport of latent heat (Fig. 9) . The latent heat transport decreases in high latitudes. A similar behaviour occurs in a coupled GCM of Schiller et al. (1997) . The minor importance of the meridional eddy moisture transport feedback in our experiments is in contrast to Nakamura et al.'s (1994) box model result. Box models are likely to overestimate the response of the hydrological cycle because of their resolution (Prange et al., 1997) .
If sea ice volume increases, surface salinity increases due to brine release which could enhance vertical ocean mixing by convection. The associated vertical heat ux reduces sea ice and is therefore a negative feedback that may be responsible for an oscillation between ice-free and ice-covered sea: brine release destabilizes the water column which can lead to convection, melting of sea ice and a stable water column (Welander, 1977) . The negative feedback between poleward heat advection and brine release (reduced THC, more formation of sea ice, brine release, vertical mixing, enhanced THC) can induce internal oscillations. Yang and Neelin (1993) found oscillations with a period of 13:5 years in a zonally integrated ocean model under mixed boundary conditions. Their model suggests that the negative feedback (sea ice melting-freezing process) may be important for the large-scale THC. In our model results, however, the e ect of brine rejection during ice formation has a minor in uence on the sensitivity of the large-scale THC which is in agreement with Zhang et al.'s (1995) and Lenderink and Haarsma's (1996) results. Brine release can be more relevant in studies including the seasonal cycle and sea ice transport (Hasumi and Suginohara, 1995) . The e ect is likely to be most pronounced on the southern hemisphere because of large changes in ice volume and the transport away from the sea ice formation areas. The in uence of this e ect has not been estimated yet in a coupled mode and is beyond the scope of the present study.
Conclusions
Di erent types of boundary conditions have been used to study the sensitivity of the thermohaline circulation (THC). An energy balance model (EBM) has been presented which predicts heat and moisture transport due to large-scale eddies in the atmosphere. The moist EBM has been coupled to an oceanic GCM which includes a thermodynamic sea ice model. With our EBM, the feedback processes can be extracted from a series of experiments, without using a computational expensive atmospheric GCM. Our experiments show that an interactively calculated atmospheric model component is necessary to estimate sea ice e ects on the sensitivity of the thermohaline circulation. The sensitivity studies presented here extend earlier work where xed components in the ocean-atmosphere-sea ice system have been used.
The presence of sea ice a ects the sensitivity of the THC in an important way. A negative perturbation in subpolar surface salinity results in a more equatorward sea ice edge and shallower deep water return ow in the North Atlantic. The main in uence of sea ice in our model is the insulation between the ocean and atmosphere. The insulation stops the heat ux at the upper ocean's surface avoiding sea surface temperatures below the freezing point. Vertical mixing is suppressed when sea ice is present and oceanic convection sites move southward. The temperature-albedo e ect contributes to the overall positive feedback associated with sea ice cooling high latitudes. A reduced oceanic northward heat transport is partly balanced by enhanced eddy activity in the atmosphere (part of the EBM).
Models with di erent assumptions on atmospheric meridional heat transport have here been used to isolate the feedbacks in the coupled system. It has been shown that the stability of the THC depends on the formulation of the atmospheric model: Under mixed boundary conditions, the sensitivity of the system is not primarily a ected by sea ice e ects because the xed atmospheric temperature largely determines sea ice extent. The system reacts overly sensitive as has been reported previously (Zhang et al., 1993; . Schopf's (1983) model also leads to an overly sensitive system because anomalous atmospheric heat transports that tend to restore the sea ice edge are neglected. The overestimated sensitivity of the THC in both cases corroborates that these simpli cations are not suitable for variability and sensitivity studies. For the same reason, the application of these or similar simpli cations during ocean-only phases of asynchronously or periodically synchronously coupled oceanatmosphere model integrations (Schlesinger, 1979 ) must be regarded with caution.
Our experiments reveal that the atmospheric heat transport in connection with sea ice has a stabilizing e ect on the circulation in the coupled model. This effect di ers from earlier sensitivity studies where the sea ice component has been neglected (Rahmstorf and Willebrand, 1995; Lohmann et al., 1996 b) or plays a minor role . In models without an active sea ice component, high latitude cooling destabilizes the water column which reestablishes deep convection. In the presence of sea ice, however, cooling cannot destabilize the water column because the formation of sea ice sets the lower boundary for the decrease in temperature. Therefore, the ocean's vertical mixing is suppressed in the sea ice covered regions. We conclude therefore, that deep water formation is possible if the upper ocean heat ux does not dramatically decrease which is in our experiments due to a combination of enhanced atmospheric poleward heat transport and continued ocean's convection at the sea ice edge. As in models without sea ice e ects, the ocean's heat loss is a critical parameter determining the formation of North Atlantic Deep Water (Lohmann et al., 1996 b) .
We switched on and o several feedbacks in our coupled atmosphere-ocean-sea ice model. We nd that the ice's role as an insulator is more important than its impact on salinity, even when the e ect of brine release has been arti cially enhanced. Furthermore, the change in meridional moisture transport seems to be of minor importance in our experiments which is in contrast to coupled box models (Nakamura et al., 1994; Lohmann et al., 1995 b) , but is in agreement with . analyzed the quasi-equilibrium response for various types of atmospheric models, and found that the possibility for multiple equilibria does strongly depend on the heat ux formulation used, whereas changes in fresh water ux were found to be of minor importance.
Although the EBM is only a simple parameterization which does not include any explicit atmospheric dynamics, it is capable to improve the notorious disregard of upper ocean's boundary conditions. We have seen that the model's stability properties depend on the model components included with its feedback mechanisms, e.g. the representation of the atmospheric heat transport and the representation of sea ice. The present experiments may be useful to examine the mechanisms a ecting the THC with respect to subpolar freshening. The sensitivity can furthermore depend on the mean climate temperature (Winton, 1997; Prange et al., 1997) , the representation of over ow water mass (Lohmann, 1997) , and wind stress in deep water formation areas (Crowley and H akkinen, 1988; Schiller et al., 1997) . A logical next step would be to study more complex climate models including a thermodynamicdynamic sea ice model component in a realistic geometry to study the sensitivity of the thermohaline circulation. Figure 16: Feedback mechanisms in the coupled ocean-atmosphere-sea ice system. Positive (+) and negative (?) signs must be multiplied for the e ective direction of feeedback. The present salinity conveyor belt depends strongly on the positive loop (SSS, density, vertical mixing, poleward transport) because the salinity at high latitudes is relatively weakly in uenced by surface uxes. Reduced oceanic poleward transport decrease the SST and air temperature which is connected with a larger sea ice extent. Sea ice insulates the atmosphere from the warmer ocean and has a high albedo compared to water. Brine release (SSS, density, vertical mixing, sea ice) is a negative feedback of minor importance in our experiments.
